The present study concerns the crystalline enzymically active protein cortisone reductase (20-dihydrocortisone-NAD+ oxidoreductase, EC 1.1.1.53) (Hubener et al., 1959) , which transfers the 4-pro-S hydrogen (alternatively called the 4B-hydrogen) (Vennesland & Westheimer, 1954; Hanson, 1966) from NADH to pregn-4-ene-3,20-dione (Gibb & Jeffery, 1973a) , giving 20f-hydroxypregn-4-en-3-one (White & Jeffery, 1973b) . The reaction of other 20-oxo steroid substrates (White & Jeffery, 1972 appeared to proceed in an analogous manner, giving the corresponding 20,B-hydroxy steroid, whether 20R or 20S (Gibb & Jeffery, 1972) , in all cases investigated. Kinetic studies indicated that when the steroid substrate was bound to the enzyme, the A ring of the steroid probably lay towards an extremity of the steroid-binding region (White & Jeffery, 1972) . Interactions important (but not essential) for substrate function were thought normally to occur between the region around the B ring of the steroid and the enzyme, and to include hydrophobic interactions involving the ,B-side ofring B (White & Jeffery, 1973a) . Studies concerning interactions around the C ring are now described.
The sources of materials and general methods were as described elsewhere (Gibb & Jeffery, 1973b; White & Jeffery, 1973a 
Experimental Enzymic reactions
Initial-rate determinations. These were made as described by White & Jeffery (1973a) .
Determination of apparent Km and apparent Vmax. values. The initial reaction rate was determined in duplicate at six substrate concentrations covering as wide a range as possible, and each such experiment was repeated at least once so that the pooled results gave at least 24 points for each substrate. Linear regressions of reciprocal initial reaction rate against reciprocal substrate concentration were calculated without weighting, or by using the weighting procedure of Wilkinson (1961) . The apparent Vmax. and minus the apparent Km values were the reciprocals of the intercepts of these regression lines with the ordinate and abscissa axes respectively (cf. Lineweaver & Burk, 1934 Preparation of enzymic reaction products. The reaction was carried out essentially as in the kinetic experiments (White & Jeffery, 1973a) but at pH5.4, in 20% (v/v) dimethyl sulphoxide, and on a larger scale (up to 54ml of reaction mixture). The progress of the reaction was followed as in the kinetic experiments, but with portions (2.7ml) from the reaction mixture. When the rate of reaction had decreased to about zero (usually after about 0.5h), the reaction mixture was extracted with diethyl ether (3 xivol.), the extract washed with water (2x0.5vol.), dried over Na2SO4, and the solvent removed by rotary evaporation. The residue was dissolved in methanol and portions were examined by t.l.c., the u.v. spectrum was measured, and derivatives were made on a micro scale and examined by t.l.c.
Characterization of enzymic reaction products
Ultraviolet spectra. These were recorded with a model SP. 800 spectrophotometer (Pye-Unicam Ltd., Cambridge, Cambs., U.K.).
Melting points. These were determined by using a Kofler block.
Thin-layer chromatography. T.l.c. was carried out by ascending development for 15cm in a closed tank at 23°C. In some cases, chromatograms were developed twice or three times in the same direction.
Micro-scale formation of derivatives of steroids. This was carried out as follows. (1) Hydrolysis. The steroid (up to 0.5mg) was dissolved in 4% (w/v) NaOH in ethanol (0.50ml) and left for 15h at 23°C. Acetic acid (30,ul) and diethyl ether (5 ml) were then added, and the mixture was washed with water (5ml), dried over Na2SO4, and the solvent removed by rotary evaporation. (2) Acetylation. The steroid (up to 0.5mg) was dissolved in dry pyridine (0.4ml) and acetic anhydride (0.2ml) added. The solution was left for iSh at 23°C, then warmed to about 50°C and evaporated to dryness in a stream of N2. (3) Oxidation. This was as described by Gibb & Jeffery (1973b) .
Results
As judged by the disappearance of NADH, 14oc-hydroxypregn-4-ene-3,20-dione and 18-hydroxypregn-4-ene-3,20-dione were reduced. The former steroidcameout ofsolution at O1uM. The 18-hydroxypregn-4-ene-3,20-dione exists in three tautomeric forms, so the reacting form was uncertain. Kinetic constants were not obtained for these two steroids, and the reaction products were not investigated.
In all of the other cases, the reaction of the 20-oxo steroids consumed an amount ofNADH corresponding to more than 80 % but not more than 100% reduction of one oxo group, the values found being as follows: pregn-4-ene-3,20-dione (84%); pregn-4-ene-3,11,20-trione (97%); 11la-acetoxypregn-4-ene-3,20-dione (97%); 1 1a-hydroxypregn-4-ene-3,20-dione (95 %.); 1 l,B-hydroxypregn-4-ene-3,20-dione (95%); 1la-(3-carboxypropanoyloxy)pregn-4-ene-3,20-dione (92%); 9,1 1-secopregn-4-ene-3,20-dione (92%). The u.v.-absorption maximum close to 240nm indicated that the 4-en-3-one moiety was present in the reaction product in every case. The behaviour of the products and their derivatives on t.l.c. was consistent with the view that each product was a 20-hydroxy compound corresponding to the 20-oxo substrate. In particular, the product from pregn-4-ene-3,11,20-trione was not lla-or ll,-hydroxypregn-4-ene-3,20-dione; the products from 1 l c-acetoxypregn-4-ene-3,20-dione and I1Ia-(3-carboxypropanoyloxy)pregn-4-ene-3,20-dione were different from the product from 1loc-hydroxypregn-4-ene-3,20-dione, but after hydrolysis they were not 1974 distinguished from the latter. No reaction was detected with 1la-hydroxypregn-4-ene-3,20-dione or ll1-hydroxypregn-4-ene-3,20-dione as test substrate in the presence of NAD+ (2mM) and with 500 times the amount of enzyme with which pregn-4-ene-3,11,20-trione reacted rapidly in the presence of NADH (150,UM). The reactions therefore appeared to be reduction of the 20-oxo group only. With pregn-4-ene-3,20-dione it was rigorously established that the product was 20fi-hydroxypregn-4-en-3-one (White & Jeffery, 1973b) , and for two related 20-oxo steroid substrates the products were shown not to be the 20a-hydroxy compounds, and to behave like the 20f-hydroxy compounds (Gibb & Jeffery, 1972; White & Jeffery, 1973a steroid product leaves the enzyme followed by the coenzyme product (Betz & Warren, 1968; Betz & Taylor, 1970) . This is represented in Scheme 1, in which E is enzyme, B is 20-oxo steroid, P is 20f,-hydroxy steroid, Q is NAD+, and A is NADH (for although the reaction involves NADH+H+, it is generally agreed that acquisition of the proton need not be represented as a separate step). It is assumed that the mechanism of reaction is essentially the same for all the substrates of the present study. Application of steady-state methods (King & Altman, 1956) (6) [Etotal x k+lk+2k+3k+4 [A] In the present experiments, A (NADH) was used at the fixed concentration of 1 50pM when the concentration ofB (20-oxo steroid) was varied. The apparent Km value for A found in the present study (see the Results section) and previous studies (White & Jeffery, 1972 was in the region of 2.3,tM for various 20-oxo steroid substrates. The approximation that 150.tM was a saturating concentration of A therefore seems justified, and eqns. (3) and (5) 
rt (k_2k-3 + k2k+4 + k+3k+4)
[Etotal] x k+2k+3k+4 E k+I E,k+5
Scheme 1. Theprincipal course ofreaction E is cortisone reductase, B 20-oxo steroid, P 2O0-hydroxy steroid, Q NAD+ and A NADH (with which H+ is also required).
From eqns. (7) and (8) it can be seen that k+4, which is a constant concerned with binding of steroid to the enzyme, occurs in boththeexpressionforthe apparent K,m and that forthe apparent Vmax. values, and ineach case it occurs both in the numerator and in the denominator. It is clear that, in general, the effect upon the apparent Km and apparent Vmax. of a change in k+4 is not easily predicted. In some cases it may seem likely that a change of steroid structure that alters k+4 may also alter k-2 in a similar way. However, this need not be so; k+4 and k-2 do not relate to the same enzyme complex. One conclusion to be drawn from such considerations is that it is pointless to seek to interpret precisely any small changes in Km or Vmax. values. This has therefore not been attempted. When substantial changes occur, these must be one of eight types, namely: Km and Vmax. both up, or both down, or Km up and Vmax. (7) and (8). Structure-activity relationships Comparison of the kinetic constants (Table 1) for pregn-4-ene-3,20-dione, 1 ex-hydroxypregn-4-ene-3,20-dione and 1 ll-hydroxypregn-4ene-3,20-dione shows that all three compounds had roughly similar apparent VmaX. values (within a factor of 2), and that the apparent Km values of the two 11-hydroxy compounds are similar to each other, but differ considerably from that of pregn-4-ene-3,20-dione (factors of more than 100). Inspection of eqns. (7)- (9) shows that this could arise if the 11-hydroxyl groups caused an increase in kL2/k+2 1974 and in k+4. In molecular terms, this would mean that the 1 1-hydroxy steroids did not bind to the enzyme as well as the parent (11-deoxy) compound. The position (relative to the rest of the steroid) of the equatorial lla-hydroxy group and the sterically hindered axial I ll-hydroxyl groups differ considerably. The similarity of their effects on the apparent Km and apparent Vmax. values suggests that the effect does not involve any precisely oriented interaction with the hydroxyl group. The effect of the 11-hydroxyl groups was much greater than the effect of 6-hydroxyl groups (White & Jeffery, 1973a) , which argues against a wholly non-specific polar-group effect. Indeed, the greater effect of the stericallyhindered axial 6fl-and 1 I,-hydroxyl groups than of the corresponding equatorial 6a-and 1lla-hydroxyl groups, respectively, would be consistent with a hydrophobic type of interaction involving the ,-side of rings B and C in the unsubstituted compound. Consistent with this, and allowing the concept to be extended, the 11a-acetoxy compound had a lower apparent Km value than the I I a-hydroxyl compound, and a roughly similar apparent Vmax. value, so that one could think of the bulkier, stillpolar, but less-hydrophilic acetoxy group as being less deleterious to binding in a hydrophobic pocket than was an 11a-hydroxyl group, though less favourable for binding than the absence of substituents. The I1 oc-(3-carboxypropanoyloxy) compound had a much higher apparent Km value than the 1 I a-hydroxyl compound, but again the apparent Vmax. value was roughly similar. In this case, the substituent was attached at the 1Ia-position by the polar esterlinkage, and bore a carboxyl group, the position of which relative to the rest of the steroid could not be specified because of the flexible connecting carbon chain, some 0.5nm in length. The overall effect could not therefore be apportioned with any confidence between the effect of the carboxyl group itself, the effect of its actual location (allowed by the flexible chain) and the effect of the bulk of the whole substituent group. The fact that this 1 la-(3-carboxypropanoyloxy) compound was a substrate established that the enzyme could tolerate a large and highly polar group extending from the 1 a-position. considerably different from that of the intact steroids, but the shape could not be exactly similar to that of the intact steroids because of the extra hydrogen atoms at C-11 and C-9,8. It is therefore noteworthy that whereas pregn-4-ene-3,20-dione was the best substrate of the series (lowest HI value), 9,1 1-secopregn-4-ene-3,20-dione was the worst (highest H value). The lower apparent V.,,,.
(about 20-fold) and the higher apparent Km (about 40-fold) could arise from an increase in k_3/k+3 and kL2/k+2. This would mean that the 9,1 1-secosteroid did not bind to the enzyme as well as the parent steroid, and that hydrogen was not transferred as efficiently to the bound secosteroid. Nevertheless, the 9,11-secosteroid probably bound better than the 11-hydroxy compounds. The view that an essentially hydrophobic part of the enzyme lies in the region of the C ring of the bound steroid would be consistent with this. The 9,11 -secosteroid, because of its less rigid structure, could fail to induce in the enzyme a conformational change as favourable for reaction as the changes induced by the intact steroids. The finding that the 14a-hydroxy and 18-hydroxy compounds were substrates extend the finding for the l la-hydroxy and Il,-hydroxy compounds, showing that a polar group on either side of the C ring did not prevent reaction. The 18-hydroxy compound was particularly interesting because of the relationship of the 18-hydroxyl group to the 20-oxo group.
Interactions between the enzyme and the region of the C ring ofthe substrate can certainly have a marked influence on the enzymic reaction. These and effects of structural features of the B ring noted previously (White & Jeffery, 1973a) clearly contribute to the selection of substrates by the enzyme.
